The effect of indium mol ratio on nanocrystalline ͑nc͒-InGaO 3 ͑ZnO͒ 2 thin films prepared by solution was investigated with structural properties. The size of nanocrystallines tended to increase up to 120 nm with an optimized indium mol ratio after second postannealing at 700°C for 10 s with three cycles. The shape of the nanocrystallines and their growth were determined by the indium mol ratio. The main ͑008͒ growth direction, which had a columnar structure, could be retarded by a high indium mol ratio, which could generate the ͑100͒ direction growth. After postannealing, the films had with less oxygen deficiency and main stoichometric oxygen bound with metal ͑In, Ga, and Zn͒. The growth of nanocrystallines during the second postannealing from small grains with random orientation to large grains with well-aligned orientation could be explained by a self-solid phase reaction with decomposition and combination of precursor without any additional epitaxial layer. It implied that the crystallinity of nc-InGaO 3 ͑ZnO͒ 2 thin films was strongly dependent on process parameters such as temperature and component mol ratio. High performance oxide semiconductor thin films have been the significant attention for the large area device application of the information display, solar cells, and sensor, due to electrical and optical properties.
High performance oxide semiconductor thin films have been the significant attention for the large area device application of the information display, solar cells, and sensor, due to electrical and optical properties. 1 Usually, most oxide semiconductors need a high deposition temperature and postannealing treatment in ambient air or oxygen to improve their electrical and optical properties. [2] [3] [4] For example, ZnO thin films are typically deposited at comparatively low temperature and postannealed at high temperatures to relax the intrinsic defects and stress. 5 The indium doped ZnO thin films deposited at relatively high temperatures are used to fabricate high quality films. 5 Control of the size, shape, and crystal structure of nanocrystal oxide materials is an important parameter for improving performance of the thin films due to their unique size-and shapedependent characteristics. 6, 7 The optical and electrical properties of InGaZnO thin films with different gallium/indium ratio deposited by the sputtering method has been reported. 8 With increasing indium content and a fixed gallium content, there is no significant difference in the refractive index in the transparent range, whereas the refractive index is clearly reduced in the opaque range. Further, the turn-on voltage of InGaZnO thin film transistor increases with increasing gallium/indium ratio. 8 Also, the mobility is largely influenced by the indium composition and carrier concentration is controlled by the amount of gallium. 1 However, the effect of the indium component on structure properties has rarely been investigated for the growth of In-Ga-Zn oxide semiconductors.
In this paper, we fabricate nc-InGaO 3 ͑ZnO͒ 2 thin films using a sol-gel process with two-step postannealing to improve crystallinity. The effects of different indium mol ratios on structural properties, including the lattice mismatch, the shape of nanocrystallines, and self-solid phase reaction ͑S-SPR͒ for the crystallization model are discussed.
Experimental
The In-Ga-Zn solution was prepared by various indium nitrate hydrate ͓In͑NO 3 ͒ 3 ·xH 2 O, 0.5-1.5 mol͔ mol ratios with fixed zinc acetate dehydrate ͓Zn͑CH 3 COOH͒·2H 2 O, 1 mol͔ and gallium nitrate hydrate ͓Ga͑NO 3 ͒ 3 ·xH 2 O, 0.5 mol͔ mol ratios as precursors dissolved in 2-methoxyethanol. After stirring at 60°C for 1 h, the In-Ga-Zn sol was aged for 24 h at room temperature and coated using a spin coater on SiN x coated silicon wafer substrates. After drying the gel at 275°C, the samples were postannealed at 450°C for 1 h as the first step in ambient air. To enhance nanocrystallines growth at a relatively high temperature with less thermal deformation of the substrate, the samples were subjected to a second postannealing step by pulsed rapid thermal annealing at a temperature of 700°C for 10 s in ambient air. The heat pulses were repeated for three cycles with 60 s intervals.
The effect of a two step postannealing on nc-InGaO 3 ͑ZnO͒ 2 films with various indium mol ratios was investigated by X-ray diffraction ͑XRD, PANalytical X'Pert PRO͒ using 2 scan with Cu K␣ radiation, and field emission scanning electron microscopy ͑FESEM, Hitachi S-4700͒, and X-ray photoelectron spectroscopy ͑ESCA 2000͒ with a aluminum K␣ source ͑1486.6 eV͒. Figure 1 shows the SEM plan-view images of nc-InGaO 3 ͑ZnO͒ 2 postannealed as the first step at 450°C for 1 h with different indium mol ratios and fixed gallium and zinc mol ratios. The size of nanocrystallines is similar as seen in Fig. 1a and b, and slightly decreases with increasing indium mol ratios as shown in Fig. 1c Figure 2 shows the SEM plan-view images of nc-InGaO 3 ͑ZnO͒ 2 postannealed as a second step at 700°C for 10 s with three cycles. Nanocrystallines, which begin to form by self-reaction at relative low temperatures around 300°C, 9 grow to a large size of up to 120 nm with a long rod shape after increasing the temperature to 700°C as seen in Fig. 2a . The indium mol ratio is therefore a critical parameter that determines the size and shape of nanocrystallines. The length of nanocrystallines, shown in Fig. 2b , is about 100 nm with a diameter of about 60 nm. In Fig. 3c , by increasing the indium mol ratio to three fold, the nanocrystallines become mixed with round and long rod shapes and the diameter of nanocrystallines decreases to 70 nm. Figure 3 shows the SEM cross-sectional view images of nc-InGaO 3 ͑ZnO͒ 2 postannealed as the first step at 450°C for 1 h ͑Fig. 3a͒, and at 700°C for 10 s with three cycles as a second step ͑Fig. 3b-d͒ with various indium mol ratios. The nc-InGaO 3 ͑ZnO͒ 2 thin film with In:Ga:Zn ͑1:1:2͒ crystallized with several nanometers in height nanocrystallines as shown in Fig. 3a . These values of nanocrystalline thin films annealed at 450°C do not obviously depend on the indium mol ratios. After the second postannealing step, a columnar structure appears in Fig. 3b , nanocrystalline structures form perpendicular to the surface, but in the case of Fig. 3c and d, the structure is partially inclined from the vertical direction. The width of nanocrystallines is obviously larger in Fig. 3d than Fig. 3c . The size and grain shape are easily controlled by postannealing temperature and content ratio, although the effect on the film thickness is less with different indium mol ratios.
Results and Discussion
One of the advantages of solution-based methods is the remarkable influence of organic components on the size and morphology of the final phase of thin films. [10] [11] [12] Wang et al. 7 reported that a ZnO nanodisk prepared by solvent-controlled crystallization using zinc acetate and a water-ethanol solution composition had two different shapes: a hexagonal nanodisk with a single-crystal structure and a near-rounded microdisk with a layer-by-layer structure. Further, these authors observed that the grain size of the ZnO film tended to increase and the grain shape tended to change from a worm-like longish shape to a round one as the annealed temperature increases from 600 to 1000°C. 13 It has also been reported that nano-or submicron In 2 O 3 particles fabricated using indium nitrate solution can be synthesized with oval, stick, and cubic shape controlled by solution aging temperature and time.
14 Figure 4 shows the XRD patterns of the nc-InGaO 3 ͑ZnO͒ 2 phase informed in JCPDF # 40-0252. Samples were annealed as the first step at 450°C for 1 h ͑Fig. 4a͒ and the second step at 700°C for 10 s with three cycles ͑Fig. 4b͒. After the first postannealing step, the small peaks appear and the intensities of ͑008͒ and ͑104͒ peaks increase with decreasing indium mol ratio. It was clear that the void depicted in Fig. 1 had a direct effect on the crystallinity and the excess amount of indium more than optimized value seem to hinder the crystalline process, and that the small nanocrystallines of nc-InGaO 3 ͑ZnO͒ 2 had a random orientation. After the second postannealing step, the XRD pattern shows that the crystallinity of the nc-InGaO 3 ͑ZnO͒ 2 films had improved in comparison with that of the first postannealed films. The relative intensities of the main ͑008͒ peak with different indium mol ratios and postannealing step are shown in Fig. 5 . It has been reported that the crystallinity of ZnO thin films can also be improved by carrying out postannealing treatment: indium-doped ZnO thin films were deposited at a high temperature of 800°C to improve their crystal quality and were annealed for a short time of only 3 min; sufficient time to activate the dopants and to move the equilibrium condition. 5, 13 The intensity of the ͑008͒ peak was stronger than the other peaks and increased with decreasing indium mol ratios, whereas the nc-InGaO 3 ͑ZnO͒ 2 film with In:Ga:Zn ͑3:1:2͒ exhibited a higher ͑100͒ peak intensity compared to the other films as seen in Fig. 4b . The intensity of the ͑008͒ peak increased rapidly, and the ͑100͒ peak did not appear in the film with In:Ga:Zn ͑1:1:2͒. Increasing indium mol ratios has appeared to generate the ͑100͒ growth direction instead of the ͑008͒ growth direction at high temperatures. It has been reported that grains with a lower surface energy grow and easily tend to grow larger, causing the preferred orientation to remain in the one crystallographic direction of the lowest surface energy. 15, 16 The ͑103͒ peak between the ͑008͒ and ͑104͒ peaks is distinctly visible in high indium mol ratio films. With increasing indium mol ratio, the films are more randomly oriented. The structure of InGaO 3 ͑ZnO͒ 2 is characterized by its layered superlattice structure 
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in which InO 2 − and GaO͑ZnO͒ n + are alternately stacked along the ͗001͘ axis. 1 It may influence the distortion of crystalline structure in the InO 2 layer and induce randomly oriented thin films with increasing indium mol ratios.
Remarkably, for nc-InGaO 3 ͑ZnO͒ 2 , the crystalline phase is the same structure with different main growth direction even though the shape of nanocrystalline is changing from long rod to round shape with increasing indium mol ratio. These results are consistent with the observations obtained from SEM images. The crystallite size using the full width at half-maximum from Scherrer's equation is comparable with the SEM results as shown in Fig. 2 .
The lattice constant c and a of InGaO 3 ͑ZnO͒ 2 thin film with In:Ga:Zn ͑1:1:2͒ with two-step postannealing calculated from the diffraction peaks of ͑008͒ and ͑104͒ are 22.5152 and 3.2785 Å, respectively. Those values are close to the lattice constant of InGaO 3 ͑ZnO͒ 2 powder, which is 22.52 Å for the lattice constant c and 3.295 Å for the lattice constant of a. With increasing indium mol ratios, the lattice constant c and a change to 22.7379 and 3.2418 Å, respectively. This means that the films suffer the lattice strain with increasing indium mol ratios. The increase in the length of the c-axis results from the decrease in the length of a-axis in ZnO thin films with tensile built-in strain. 17 To investigate the oxygen effect on crystallinity and solubility of indium, the X-ray photoelectron spectroscopy ͑XPS͒ is measured after first and second step postannealing. The oxygen atomic percentage, ͓O͔/͓͑In͔ + ͓Ga͔ + ͓Zn͔͒, and ͓In͔/͓͑In͔ + ͓Ga͔͒ ratio summaries in Table I . The O 1s peak splits into three components located at 529.97 eV ͑low binding energy͒, 531.47 eV ͑medium binding energy͒, and 532.76 eV ͑high binding energy͒. The high binding energy is attributed to the existence of weakly bound oxygen species on the film's surface. 18 The medium binding energy is corresponding to the O 2− deficiency 19 and the low binding energy belongs to the stoichometric metal-oxygen bond. 18 After the first postannealing, the main position of O 1s peak is at the low binding energy and its oxygen atom % is increasing after the second postannealing. Nanocrystallized InGaO 3 ͑ZnO͒ 2 thin films have less oxygen deficiencies and mainly O 2− ions surrounded by metal ͑In, Ga, Zn͒ atoms. After the second postannealing, the oxygen atomic percentage at the low binding energy is increasing. In nc-InGaO 3 ͑ZnO͒ 2 thin film with In:Ga:Zn ͑1:1:2͒ mol ratio, the ͓O͔/͓͑In͔ + ͓Ga͔ + ͓Zn͔͒ ratio is slightly increasing, whereas it is not changed in the thin films with In:Ga:Zn ͑2:1:2͒ and In:Ga:Zn ͑3:1:2͒ mol ratio during the second postannealing. It means that there is no significant oxidation effect on crystallinity during postannealing.
Nakamura et al. 20 investigated homologous compound InMO 3 ͑ZnO͒ 2 ͑where M = Fe, Ga, or Al͒. A complete solid solution for a ͓In͔/͓͑In͔ + ͓Ga͔͒ ranges from 0.34 to 0.84. In our case, the amount of indium is within solubility limit. The ratio of indium to indium and gallium was not significantly different after the second postannealing and almost consistent with induced mol ratio of the indium, gallium, and zinc precursors in sol. It was also reported that the ratio ͓In͔/͓͑In͔ + ͓Ga͔͒ = 0.5 was special because all the In 3+ cations were located in InO 2 − layers and the Ga 3+ cations were in the ͑GaZn k ͒O k+1 + ͑k = integer͒ layers. 20 It implies that increasing indium mol ratios can induce the more In 3+ are not placed in InO 2 − layers and the more crystalline structure is disturbed. Figure 6 shows a schematic diagram of the S-SPR model for crystallization of a-InGaO 3 ͑ZnO͒ 2 to large-sized nc-InGaO 3 ͑ZnO͒ 2 . We propose that the S-SPR occurred by self-nucleation reaction involving decomposition and combination of In-Ga-Zn precursors during annealing and that nanocrystallines grew at below 300°C without any additional epitaxial crystalline phase thin layer, and resulting in large grains at higher temperature annealing. 9 The sol-gel method has potential advantages due to its lower crystallization temperature and the ability to alter the microstructure by varying the sol-gel composition. 21, 22 Hosono et al. reported that a 2 nm thick ZnO epitaxial layer had to be deposited at 700°C by pulsed laser deposition and annealed in a furnace at 1400°C for 30 min to obtain crystalline ͑c͒ phase InGaZnO. 1 In this case, the heteroepitaxy between InGaZnO and ZnO could generate a mismatch of the lattice constants during the initial crystallization process.
The amorphous semitransparent thin film formation after drying the gel, and the small-sized nanocrystalline thin film with random orientation after the first postannealing step at low temperature, are shown in Fig. 6a and b , respectively. Figure 6c shows the transition from small nanocrystallines to large ones with a well-aligned ͑008͒ main direction to surface normal, which could have resulted from the low surface energy. With increasing indium mol ratios, the main nanocrystalline growth direction was retarded and tended to change from the ͑008͒ to the ͑100͒ direction with the structure inclined to the surface with large nanocrystallines as drawn in Fig. 6d .
Conclusion
To characterize the indium compositional dependence of InGa-Zn oxide thin films, we fabricated nc-InGaO 3 ͑ZnO͒ 2 thin films by a sol-gel process using various indium mol ratios. The crystallinity of the second postannealed thin films was improved in comparison with that of the first postannealed films. The columnar structure, nc-InGaO 3 ͑ZnO͒ 2 thin films with optimized indium mol ratio to gallium and zinc, In:Ga:Zn ͑1:1:2͒, with large size long-rod shape nanocrystallines appear to have better crystallinity compared to the other films. The crystallinity is distorted by In 3+ not in the InO 2 − layer with increasing the ͓In͔/͓͑In͔ + Ga͒ ratio. The increase in the length of the c-axis and decrease in the length of the a-axis with increasing indium mol ratios indicates that the films suffer the most lattice strain. Indium mol ratio and two-step postannealing could play an essential role in determining the growth direction as well as the shape and size of nanocrystallines. Figure 6 . The schematic diagram of the S-SPR model for crystallization of a-InGaO 3 ͑ZnO͒ 2 to large size, wellaligned nc-InGaO 3 ͑ZnO͒ 2 with different indium mol ratios; ͑a͒ amorphous phase formation, ͑b͒ small nanocrystallines growth after the first postannealing step, ͑c͒ merging of small nanocrystallines to form well aligned, and ͑d͒ random orientation with different indium mol ratios, after the second postannealing step.
